We present the results of a high-resolution study with the Submillimeter Array (SMA) toward the massive star-forming complex G20.08-0.14N. With the SMA data, we have detected and analyzed the transitions in the 12 CO (3-2) and 12 CO (2-1) molecular lines as well as CH 3 CN. The millimeter observations reveal highly collimated bipolar molecular outflows, traced by high-velocity 12 CO (2-1) and 12 CO (3-2) emissions. Using a rotation temperature diagram, we derive that the rotational temperature and the column density of CH 3 CN are 244 K and 1.2×10
INTRODUCTION
The formation mechanism responsible for low mass stars (M ≤ 8 M ⊙ ) is well constrained from pre-stellar cores to pre-main-sequence stars (i.e. Shu et al. 1987; Andre et al. 2000) . However, massive star formation is still poorly understood, partly due to the difficulty in identifying and studying massive young stellar objects (MYSOs) in their early stages. In addition, most massive star-forming regions with O-type stars are also distant (≥ 1 kpc) and usually identified with a group of hypercompact (HC) HII and/or ultracompact (UC) HII regions, deeply embedded in a dense molecular cloud (Churchwell 2002) . Studying the early stages of massive star formation thus requires observations with high angular resolution at millimeter and submillimeter wavelengths.
More and more recent observations suggest that high-mass stars are likely to form through diskmediated accretion in a similar but scaled up version of low mass star formation (i.e. Beltrán et al. 2011) . If this is true, it should come in the form of ionized/molecular infall, and large scale outflows that are still being powered. However, it is hard to observe the disks except in the closest massive star formation regions. By using submillimeter telescopes we can observe the warm molecular gas around them to determine whether there is large scale rotation, which could translate to smaller scales on which disks may exist (Klaassen et al. 2009 ). Rotating structures seen in NH 3 have already been detected in a few sources at high resolution with the Very Large Array (VLA) (i.e., Zhang & Ho 1997; Zhang et al. 1998) . Outflows serve as an important release mechanism for the angular momentum that builds up during the accretion process, and could be some of the largest scale phenomena associated with star formation. The outflows observed in the near low mass star forming regions appear to be quite collimated, but collimation factors in massive star forming regions do not seem to be as high. There are no observations to date of highly collimated outflows for sources with masses greater than O7 main sequence stars (McKee & Ostriker 2007) .
G20.08-0.14N (hereafter G20.08N) is a well-studied high-mass star-forming region containing a combined total of three UC and HCHII regions reported by Wood & Churchwell (1989) . Both near and far kinematic distances have been reported for G20.08N. The near value of 4.1 kpc given by Downes et al. (1980) is the most commonly quoted one in the literature. However, Fish et al. (2003) and Anderson & Bania (2009) reported that this region is at the far distance of 12.3 kpc. Also to be consistent with the work done by Galván-Madrid et al. (2009) , we use the far kinematic distance throughout the rest of the paper. The total luminosity of the region is then converted to L ∼ 6.6 × 10 5 L ⊙ , by adopting the far kinematic distance. Previous observations suggest that there are accretion and massive molecular outflows in the G20.08N cluster. For example, Klaassen & Wilson (2008) ; Klaassen et al. (2012) observed HCO + /H 13 CO + (4-3), and SiO (8-7) with the James Clerk Maxwell Telescope (JCMT), and the blue profile caused by large scale infall was confirmed. VLA observations of NH 3 also show a large scale molecular accretion flow around and into the star cluster with several O-type stars (Galván-Madrid et al. 2009 ). Higher resolution (0.4 ′′ ) observations with the Submillimeter Array (SMA) show a tentative velocity gradient with HII region A being inside, suggesting rotation and outflow in the ionized gas at the innermost scales (Galván-Madrid et al. 2009 ). However, a study of the high-resolution outflow has never been carried out for the region.
OBSERVATIONS
The data are from the SMA archive 1 . We use data from both the compact and the extended SMA configurations to study structures in G20.08N on size scales ranging from ∼ 1 ′′ to ∼ 25 ′′ . Data from the SMA in its compact configuration with eight antennas were observed in 2009 February, at 220 GHz (lower sideband) and 230 GHz (upper sideband) with a frequency resolution of 0.4125 MHz. The phase reference center was RA (2000) = 18
h 28 m 10.30 s and Dec (2000) = -11
• 28 ′ 47.8 ′′ . The mean system temperature was 90 K. In the database, Uranus and Callisto were observed for bandpass and flux-density calibrations. QSOs 1751+096 and 1733-130 were also observed for gain corrections based on the antenna. The calibration and imaging were done in Miriad (Sault et al. 1995) . Multiple lines were detected in both sidebands. The spectral cubes were constructed using the continuum-subtracted spectral channels smoothed into a velocity resolution of 1 km s −1 . The synthesized beam size with robust weighting of 0 was around 8. ′′ . QSO 3C273 and Callisto were used for the bandpass and flux calibrators. QSOs 1751+0.96 and 1733-130 were observed for the corrections in antenna gain. The continuum map was made using the line-free channels. The spectral cubes were constructed using the spectral channels with the continuum being subtracted. The synthesized beam size of the continuum with robust weighting of 0 was 2.1 ′′ × 1.1 ′′ with P.A. of 74.6
• . Figure 1 (the top panel) shows the SPITZER IRAC 8.0 µm image of the region towards G20.08-0.14. The white contours are from the Multi-Array Galactic Plane Imaging Survey (MAGPIS; Helfand et al. 2006) . MAGPIS is a 20-cm VLA continuum survey of the Galactic plane. The high resolution of the MAGPIS survey allows us to detect the free-free emissions from HCHII and UCHII regions in G20.08-0.14N and G20.08-0.14S. Figure 1 (the bottom panel) shows our SMA 0.9 mm continuum map of G20.08-0.14N obtained by combining the lower and upper sideband data. The locations of the three HII regions reported by Wood & Churchwell (1989) are also shown as black points. A and B are at its main peak position, while C is at the minor peak. 
RESULTS

CH 3 CN
Methyl cyanide (CH 3 CN) has proven to be an ideal probe to determine the kinetic temperature and column density of molecular gas (i.e., Remijan et al. 2004) . Seven K-components of the CH 3 CN (J = 12 − 11) transitions were detected by the SMA's compact configuration. From Figure 2 we can see the two CH 3 CN transitions (12 0 -11 0 ) and (12 1 -11 1 ) were totally blended, and 12 6 -11 6 was also blended with other line(s). By Gaussian fits to the other four transitions, we derived the system velocity of G20.08-0.14N to be 41 km s −1 . This value is consistent with that reported by Klaassen et al. (2012) and Galván-Madrid et al. (2009) . By assuming that the observed emission is optically thin and in local thermodynamic equilibrium (LTE), the rotation temperature and column density can be estimated via the rotation temperature diagram method. From equations (1) and (2) in Liu et al. (2001) , one has
where N u is the observed column density of the upper energy level, g u is the degeneracy factor in the upper energy level, N T is the total beam-averaged column density, Q r is the rotational partition function, E u is the upper level energy in K, T rot is the rotation temperature, Idv is the integrated intensity of the specific transition, θ a and θ b are the FWHM beam size, ν is the rest frequency, S is the line strength, and µ is the permanent dipole moment. Figure 3 shows the rotation temperature diagram, after the optical depth correction described by Qin et al. (2010) 
Outflow
3.2.1
12 CO (2-1)
The transitions of 12 CO (2-1) at 230.538 GHz was detected in the up side band (USB) of the compact observations from February 2009. Figure 4 (top right) shows the beam-averaged spectra of the 12 CO (2-1) and 12 CO (3-2) lines in the core region of G20.08N. Both of these two spectral lines have a dip that is coincident with the CH 3 CN, C 17 O and SO line peaks. and 45 km s −1 , a gap with no significant line emission signals is observed in the 12 CO (2-1) emission. The figure also shows compact CO (2-1) components in the high-velocity channels (≤ 36 km s −1 and ≥46 km s −1 ). In Figure 6 , we show the high-velocity gas in both the blueshifted (28 to 35 km s −1 ) and redshifted (47 to 54 km s −1 ) outflow lobes, located SW and NE of G20.08N. The major axis of the outflow is shown as a straight line connecting the two peaks of the blueshifted and redshifted knots in Figure 6 , at a position angle (P.A.) of 48
• . The high-velocity CO line emissions from the two compact molecular components appear to be excited by a high-velocity bipolar outflow originating from the protostellar cores within G20.08N.
12 CO (3-2)
12 CO (3-2) at 345.796 was detected in the USB of the extended observations from May 2009. Figure 4 shows the spectra of the 12 CO (3-2) line in the core region of G20.08-0.14N. Figure 7 presents the 12 CO (3-2) channel maps. Similar to what was found in 12 CO (2-1), in the velocity range between 37 km s −1 and 45 km s −1 a gap with no significant line emission signals is observed. This may be caused by the missing flux of the SMA observations. This figure also shows and 47 to 54 km s −1 , with contours 3, 6, 9, 12· · ·×1σ, where 1σ is 8. • . Contours are at -4, -3, 3, 5, 7, 9, 11, 13 and 15×1.0 Jy beam −1 (1σ). compact CO (3-2) components in the high-velocity channels (≤ 36 km s −1 and ≥46 km s −1 ) located toward the NE and SW of G20.08N.
In Figure 8 , we show the high-velocity gas in both the blueshifted (25 to 36 km s −1 ) and redshifted (46 to 53 km s −1 ) outflow lobes. These high resolution observations help us to identify at least two dominant outflows in this region: the major axis with P.A. of 50
• is consistent with compact observations discussed above, but the minor axis with P.A. of 130
• was not found in the compact figuration. In addition, a third outflow may be present with blueshifted emission toward the NE and redshifted emission toward the SW of G20.08N. It is opposite of the velocity gradient of the major outflow. This could be attributable to orientation effects. An outflow nearly in the plane of the sky may appear to have overlapping red and blueshifted lobes (e.g., Cabrit & Bertout 1990 ).
Rotation
Many lines detected toward G20.08N exhibit a velocity gradient, from NE (redshifted) to SW (blueshifted) (Fig. 9) . One possible explanation for this velocity gradient is gas rotation, oriented roughly perpendicular to the outflow axis of HCHII region A (see the next section). The large scale velocity gradient is also found by Galván-Madrid et al. (2009) by NH 3 and they interpreted it as being caused by a rotationally flattened flow. If this rotation motion is indicative of a smaller scale disk within HCHII A, this disk may be similar to the photoevaporation disks described by Keto (2007) . We thus suggest that massive stars, like low mass stars, could form through disk accretion, with molecular gas rotation and outflow/infall activities.
DISCUSSION
We try to estimate the physical properties of the molecular outflows in G20.08N from the 12 CO (3-2) data taken with the SMA. Under the assumption of being optically thin in the wing emissions, the mass of the outflow could then be calculated using
where M out is the mass of outflowing gas in M ⊙ , T ex is the excitation temperature of the transition in K, Q(T ex ) is the partition function, E upper is the upper energy level of the transition in K, ν is the frequency of the transition in GHz, D is the distance to the source in kpc, and S ν is the flux in Jy. Following Qiu et al. (2009) , for 12 CO we adopt an abundance (χ) relative to H 2 of 10 −4 , an excitation temperature of 30 K, and a mean atomic weight for gas of 1.36 (included in the constant in Equation (2)). We use Q(30 K) = 11.19 for 12 CO and µ 2 S = 0.02423 debye 2 from the Splatalogue spectral line database. Following Qiu et al. (2009) , we estimate the momentum and energy of the outflow using
and
where M out (δv) is the mass of outflow in a given channel and δv = |v center,channel − v LSR |. The dynamical timescale t dyn is estimated as R/v max , where the length R and maximum velocity are determined separately for the red and blue lobes of each outflow. Using the dynamical timescales, we also estimate the outflow rates of mass and momentum,Ṁ out = M out /t dyn andṖ out = P out /t dyn . For each outflow, the outflow parameters are listed in Table 1 . There is considerable uncertainty in the estimate of the dynamical timescale, and hence the outflow rates of mass and momentum. The main ambiguity in the determination of the dynamical timescale is the unknown inclination of the outflows. The velocity of our massive outflows are small compared to the ones in other regions, which is consistent with the outflow being aligned close to the plane of the sky. For other high-mass star formation regions, the velocity of the outflows could easily be larger than 50 km s −1 . However, intermediate inclination angles are also plausible. Table 1 also presents our estimates of outflow parameters without correction for inclination, and θ = 10
• , 30
• and 60
• , where θ is the inclination angle of the outflows with respect to the plane of the sky. Properties of outflows from other MYSOs reported in the literature range over several orders of magnitude, withṀ out ∼ a few × 10 −5 to a few × 10 −3 M ⊙ yr −1 andṖ out ∼ a few × 10 −3 to a few × 10 −1 M ⊙ km s −1 yr −1 (Cabrit & Bertout 1992; Shepherd & Churchwell 1996; Zhang et al. 2005) . The estimated parameters of the molecular outflow of our target are roughly consistent with these previous observations.
We now discuss the likely driving sources of the two outflows we discovered. Figure 8 also shows the locations of regions associated with UCHII (source C) and two HCHII (sources A and B) reported by Wood & Churchwell (1989) . The two HCHII regions are located on the outflow axis and are consistent with the center of continuum emission. We suggest that they are the possible driving sources. Deeper observations made by Galván-Madrid et al. (2009) show that the brightest HCHII region A has a rotational velocity gradient from SW to NE, perpendicular to the minor outflow we found. Their observations of the millimeter radio recombination line H30α at an angular resolution of 0.4
′′ also indicate outflow of the ionized gas within HII region A. However, they could not find outflow activities as the (u, v) coverage of their very extended observations with the SMA was incapable of imaging structures larger than ∼ 4 ′′ (Galván-Madrid et al. 2009 ). Thus, it is reasonable to regard HCHII region A as the driving source of the minor outflow. We need much higher resolu-tion for IR/submm continuum observations to identify whether HCHII B is the driving source of the major outflow.
At least two HCHII regions were discovered near the center of G20.08N. We suggest how massive star formation takes place in this region. From our analysis discussed above, the molecular gas seems to rotate around HCHII region A. By using single dish molecular observations carried out in JCMT, Klaassen & Wilson (2008) ; Klaassen et al. (2012) found that G20.08N has a mass infall rate between 0.9 ∼ 16.5 × 10 −3 M ⊙ yr −1 (they used the near distance of G20.08N and we converted their value to the far distance), while the accretion rate within the small-scale flow around HII region A is ∼ 1 to 20 × 10 −3 M ⊙ yr −1 according to Galván-Madrid et al. (2009) . HCHII region A is most probably the main accreting source of G20.08N. Massive stars, even O-type stars, could form through infall and outflow activities, with large scale gas rotation.
SUMMARY
Using data from the SMA archive, we studied outflow activities toward the massive star-forming complex G20.08N. The 0.9 mm continuum emission revealed a compact millimeter source which is mainly associated with HCHII regions B and A. We detected and analyzed molecular lines from CH 3 CN and 12 CO (2-1) as well as those from 12 CO (3-2). The rotational temperature and the column density of CH 3 CN are 244 K and 1.2 × 10 15 cm −2 , respectively. We regard the minor outflow as most probably being driven by HCHII region A. We also find that the warm molecular gas surrounding G20.08N appears to be undergoing bulk rotation. The HCHII region A is probably the source of accretion and heating for G20.08N. We suggest that massive stars, like low mass stars, could form through disk accretion, with molecular gas rotation and outflow/infall activities.
